Alternative splicing provides a critical and flexible layer of regulation intervening in many biological processes to regulate the diversity of proteins and impact cell phenotype. To identify alternative splicing differences that distinguish epithelial from mesenchymal tissues, we have investigated hundreds of cassette exons using a high-throughput reverse transcription-PCR (RT-PCR) platform. Extensive changes in splicing were noted between epithelial and mesenchymal tissues in both human colon and ovarian tissues, with many changes from mostly one splice variant to predominantly the other. Remarkably, many of the splicing differences that distinguish normal mesenchymal from normal epithelial tissues matched those that differentiate normal ovarian tissues from ovarian cancer. Furthermore, because splicing profiling could classify cancer cell lines according to their epithelial/mesenchymal characteristics, we used these cancer cell lines to identify regulators for these specific splicing signatures. By knocking down 78 potential splicing factors in five cell lines, we provide an extensive view of the complex regulatory landscape associated with the epithelial and mesenchymal states, thus revealing that RBFOX2 is an important driver of mesenchymal tissue-specific splicing.
T
ransitions from epithelial to mesenchymal (EMT) and mesenchymal to epithelial (MET) states have important roles not only in normal tissue and organ development but in the pathogenesis of diseases including cancer (1) . In normal tissues, epithelial cells display a cuboidal morphology and a polar organization maintained by tight cell-cell interconnections. Mesenchymal cells lack these features and display higher motility and invasiveness. During the process of carcinogenesis, EMT is thought to be crucial to elicit migration, resistance to apoptosis, and ultimately invasion and metastasis (1) (2) (3) (4) (5) . Conversely, the reverse process, MET, is associated with the colonization of secondary sites by cells that have metastasized. Therefore, profiling the molecular differences between the epithelial and mesenchymal states may help us understand the underlying regulatory programs that establish these states and promote their interconversion.
The commonly accepted view is that EMT can be induced by growth factors, such as transcription growth factor ␤1 (TGF-␤1), which trigger signaling pathways that ultimately activate a network of transcription regulators, including Snail, Slug, Twist, and others (6) . This transcriptional reprogramming elicits the expression of mesenchymal markers (e.g., vimentin) and represses the expression of epithelial ones (e.g., E-cadherin) to impart distinctive properties such as motility and invasion (7) (8) (9) (10) . Alternative splicing control provides another layer of regulation that can contribute to EMT (11, 12) . The tyrosine kinase Ron (MST1R) is alternatively spliced to produce an exon 11-lacking version that can promote invasion (13) . Three RNA-binding proteins (RBPs), SRSF1, hnRNP H, and hnRNP A2/B1, affect the alternative splicing of Ron exon 11 (14) (15) (16) . The extracellular signal-regulated kinase (ERK) signaling cascade impacts on this regulatory pathway since it can phosphorylate the RNA-binding protein SAM68, which in turn decreases SRSF1 expression, promoting exon 11 inclusion and inducing MET (17) . Another alternative splicing event (ASE) affecting EMT occurs in the small GTPase Rac1, and this event is antagonistically regulated by SRSF1 and SRSF3 (18) . Rac1 splice variants differentially affect the activity of matrix metalloproteinases that in turn enhance the expression of Snail1 and vimentin, thus promoting EMT (19, 20) . Studies focusing on the alternative splicing of the FGFR2 gene have also yielded important insights into the contribution of alternative splicing in EMT. Distinct FGFR2 splice variants are produced in epithelial and mesenchymal tissues (21) , and many splicing factors affect the production of these isoforms, including hnRNP A1, PTBP1, hnRNP F/H, and RBFOX2 (22) (23) (24) . The RNA-binding proteins epithelial splicing regulatory protein 1 (ESRP1) and ESRP2 are also critical for controlling the cell type-specific splicing switch of FGFR2 variants. The expression of ESRPs is restricted to epithelial cells, and their downregulation abrogates epithelial tissue-specific alternative splicing, while their overexpression in mesenchymal cells induces MET (25) . The ESRPs control the alternative splicing of many genes implicated in cell adhesion, polarity, and migration (26) (27) (28) . One important target is the cell and matrix interactor CD44, which undergoes a splicing switch critical for EMT which is prevented by ESRP1 (29) . ESRPs also control the alternative splicing of p120-catenin to favor the production of an isoform that promotes cell-cell adhesion, while the loss of ESRPs elicits the synthesis of a splice variant that encourages cell migration (30) . Finally, ESRPs stimulate the production of the TCF7L2 alternatively spliced isoform, which reduces the expression of genes stimulated by ␤-catenin (25, 28) . Additional changes in alternative splicing associated with EMT have been uncovered by using an in vitro model of EMT, and a few splicing differences were validated in breast cancer cell lines and tissues (31) . A subset of these events were known to be regulated by RBFOX2 (32) , and the depletion of RBFOX2 promoted phenotypic changes indicative of MET (31) .
Since reversible transitions between epithelial and mesenchymal states appear critical for cancer invasion and metastasis and because alternative splicing is important for EMT/MET, we sought to identify some of the events, networks and regulatory programs that establish these states. Here we have identified alternative splicing events that differ significantly between epithelial and mesenchymal tissues in human colon and ovary. These changes overlapped significantly with the cancer-associated splicing differences previously uncovered by comparing ovarian cancers with their normal counterparts (33) . To identify regulators that impose these splicing signatures, we followed a subset of these events in an extensive RNA interference (RNAi) approach targeting 78 RNA-binding proteins and potential splicing factors in 5 different cancer cell lines that display a spectrum of epithelial and mesenchymal characteristics. This strategy allowed us to document a key role for RBFOX2 in establishing the mesenchymal splicing signatures characteristic of normal tissues and cancer cell lines.
MATERIALS AND METHODS
Human fetal tissues. Midgestation (17-to 20-week) human colon specimens were obtained from normal legal or therapeutic pregnancy termination with informed patient consent. No tissues were collected from cases associated with known fetal abnormalities or intrauterine fetal demise. Studies were approved by the Institutional Review Committee for the use of human material from the Centre Hospitalier Universitaire de Sherbrooke/Faculté de Médecine et des Sciences de la Santé. Specimens were processed for the separation of the epithelium from its underlying mesenchyme by using the nonenzymatic dissociation (see Fig. S1a in the supplemental material) Matrisperse-based method previously described for the isolation of pure preparations of epithelial and mesenchymal intestinal fractions (34) . Matrisperse was from BD Biosciences.
Cell lines and siRNAs. The cervical cancer cell line HeLa; the prostate cancer cell line PC-3, the breast cancer cell lines ZR-75-1, Hs578T, MCF-7, and MDA-MB-231; the ovarian cancer cell lines TOV-112D, OVC-116, OVCAR3, and SKOV3ip1; and the colon cancer cell line HCT116 have been described previously (35) . PC-3 cells were grown, respectively, in Dulbecco modified Eagle medium (DMEM), Ham's F-12 medium, and ␣ minimal essential medium (␣-MEM) supplemented with 10% fetal bovine serum. The small interfering RNAs (siRNAs) used to knock down the expression of RNA-binding proteins were purchased from IDT (Coralville, IA), and their sequences are listed in Table S2c in the supplemental material. siRNAs were transfected into cells at a concentration of 100 nM using Lipofectamine 2000 (Invitrogen). RNA was extracted from mock-transfected and siRNA-transfected cells 96 h posttransfection.
qRT-PCR. Quantitative real-time reverse transcription-PCR (qRT-PCR) assays for the validation of knockdowns were conducted with SyberGreen (Power SYBR green master mix 2X, ABI catalog no. 4367660). Aldolase A (RTPrimerDB ID: 915) was used as the housekeeping gene on the same samples. A total of 200 ng of RNA measured for integrity using the Agilent Lab-on-Chip station and quantified on a Thermo Scientific NanoDrop spectrophotometer was reverse transcribed with random hexamers (Roche catalog no. 11034731001) with Transcriptor reverse transcriptase (Roche catalog no. 03531317) in a final volume of 10 l. Ten nanograms of cDNA was used for quantification in the presence of the specific primers at 0.2 M in a 10-l reaction in triplicate. The expression of the epithelial and stromal tissue-specific markers was normalized using the geometrical mean of three housekeeping genes (glyceraldehyde-3-phosphate dehydrogenase [GAPDH], MRPL19, and YWHAZ) (36) . The sequences of oligonucleotides used for quantitative PCR (qPCR) are given in Table S2g in the supplemental material. Reactions were carried out in the ABI 7500 qPCR (Applied Biosystems, Foster City, CA) or Eppendorf Realplex system. A first cycle of 10 min at 95°C was followed by 40 cycles of 15 s at 94°C, 20 s at 55°C, and 20 s at 68°C.
RT-PCR assays. Our collection of alternative splicing events was extracted from the RefSeq database. Sets of primers mapping in the exons flanking all the simple alternative splicing events were designed using Primer3 with default parameters. Total RNA was extracted using TRIzol and quantified using the Lab-on-Chip station (Agilent Inc., Santa Clara, CA). A total of 2 g of RNA was reverse transcribed using a mix of random hexamers and oligo(dT) and Omniscript reverse transcriptase (Qiagen, Germantown, MD) in a final volume of 20 l. Twenty nanograms of cDNA was amplified with 0.2 U/10 l of HotStarTaq DNA polymerase (Qiagen) in the buffer provided by the manufacturer and in the presence of the specific primers (IDT) for each splicing unit (at concentrations ranging from 0.3 to 0.6 M) and deoxynucleoside triphosphates (dNTPs). The list of ASEs and oligonucleotides and the expected sizes of RT-PCR products are shown in Table S2 in the supplemental material. Reactions were carried out in the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). A first cycle of 15 min at 95°C was followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C. The reaction was ended with the extension step of 10 min at 72°C. Visualization and analysis of amplified products were done using the LabChip HT DNA assay on an automated microfluidic station (Caliper, Hopkinton, MA) (37) .
Bioinformatic analysis. The clustering analysis was done by R using the R Project for Statistical Computing (http://www.r-project.org/) using a Euclidean distance metric.
RESULTS
Alternative splicing differences between normal epithelial and mesenchymal tissues. To identify alternative splicing events that distinguish epithelial from mesenchymal tissues, we used total RNA purified from human fetal colon samples, as it is possible to isolate relatively pure epithelial and mesenchymal samples. Epithelial and mesenchymal fractions were separated using a nonenzymatic method (see Fig. S1a in the supplemental material); the purity of the fractions was confirmed by monitoring the expression of the epithelial and stromal tissue-specific markers E-cadherin and vimentin, respectively (see Fig. S1b ). We then assayed a set of 283 alternatively spliced cassette exons, between 18 and 309 nucleotides long, selected for the high quality of their PCRs. Primers were designed to cover alternatively spliced regions such that the sizes of the two PCR products derived from the two isoforms ranged between 100 and 500 bp. Following endpoint RT-PCR on our high-throughput platform (33, (37) (38) (39) , the abundance and size of each amplicon were measured by capillary microfluidic fractionation using Caliper reading stations. For each reaction, the relative abundance of the products was converted to a "percent spliced in" (psi or ) value defined as the molarity of the long product divided by the combined molarities of the long and short products. Although alternative splicing changes on the order of 10 percentage points are often considered significant, we found that 26 of the 283 events shifted by more than 50 percentage points (i.e., from mostly one isoform to predominantly the other) (see Tables S1 and 2a in the supplemental material) (all raw data are shown at http://palace.lgfus.ca/data/related/1447).
To determine if similar epithelial versus mesenchymal cell type-specific splicing differences could be observed in other tissues, we examined laser-captured and microdissected ovarian stromal tissue and compared it to fallopian tube epithelium. Similarly to the two colon samples, our ovarian and fallopian tube samples contained vimentin and cadherin levels consistent with pure mesenchyme and epithelium, respectively (see Fig. S1c in the supplemental material). The analysis was conducted with 4 samples for each tissue category for 178 of the alternative exons that had been examined in colon. This second mesenchyme/epithelium comparison identified 8 exons, 5 in common with the colon system, which display a "switch-like" behavior (a splicing shift of more than 50 percentage points) ( Fig. 1a ; see also Table S2a in the supplemental material). Overall, approximately one-third of all exons displayed greater than 10 percentage points of difference in each set of mesenchymal and epithelial tissues examined, and approximately half (32 exons) of the differences seen in ovarian samples also occurred in the colon (Fig. 1a) .
To determine if alternative exons that differentiate normal epithelium and mesenchyme could be globally applied as EMT markers, we compared their splicing profiles to those reported in a recent study that used a human mammary epithelial cell line engineered to undergo EMT by activation of Twist (31) . While only 6 of the 32 markers common to colon and ovary changed during EMT in that cell line (see Fig. S2 in the supplemental material), the majority of them (4/6) remain EMT markers when shifts greater than 30 percentage points are considered. Thus, while each epithelial/mesenchymal tissue pair displays a unique set of splicing events, a core set of events distinguishes epithelial from mesenchymal specimens irrespective of their source. Moreover, alternative exons with the largest splicing differences are more likely to behave as EMT markers.
The normal epithelial splicing profile is found in ovarian cancer. We previously observed large-scale splicing differences between ovarian cancer specimens (an epithelial tissue-type cancer) and normal ovary (mostly comprising mesenchymal tissue) (33) and sought to establish if these differences reflect the cell type composition of those tissues. Figure 1b (diamonds) shows a comparison of the inclusion level differences between ovarian stroma and fallopian epithelium with the inclusion level differences between normal and cancer ovary for the 178 alternative exons. The comparison clearly indicates a high degree of similarity between splicing signatures (Pearson correlation R ϭ 0.66), suggesting that the epithelial splicing signature is a common feature of both normal and malignant epithelial tissues.
We also compared the fetal colon splicing signature with the normal and cancer ovary splicing profiles for the same set of 178 alternative exons (Fig. 1b, squares) . Remarkably, we found that the splicing differences between ovarian cancer and normal ovary were also very similar to the splicing differences between normal epithelial and mesenchymal colon tissues (Pearson correlation R ϭ 0.71). Thus, the majority of the cancer-associated splicing events, identified previously by comparing ovarian cancer with normal ovary, reflect the epithelial/mesenchymal status of the cells. Despite this significant degree of overall similarity, a small subset of three alternative exons (MYO18A, CD46, and ABI1) differed (Ͼ30%) in their inclusion levels between epithelial normal and epithelial cancer tissues. These events may therefore be more closely related to the cancer status than to the epithelial status. Overall, these results show that the majority of the epithelial tissue-specific alternative exons of normal tissues are also regulated in ovarian cancer.
The splicing signatures of cancer cell lines match their epithelial/mesenchymal identities. Cancer cell lines often serve as models to study regulatory features of EMT. Because of the distinctive epithelial and mesenchymal splicing signatures, we set out to use various cancer cell lines to explore the underlying regulatory landscape. It was recently shown that a set of 20 exons, regulated by the epithelial tissue-specific splicing factors (ESRPs), could discriminate between epithelial and mesenchymal cell lines (28) . We used a panel of 9 cancer cell lines to determine if our set of alternative exons possess similar discriminatory power. The 9 cell lines display differences in their epithelial and mesenchymal characteristics based on the expression of vimentin and E-cadherin (Fig. 2a) . The ovarian cancer cell line TOV-112D is the most mesenchymal based on its high level of vimentin and lack of E-cadherin, as detected by qRT-PCR. The other end of the spectrum is occupied by the estrogen-sensitive breast cancer cell line ZR-75-1 and the MCF-7 breast cancer cell line, which both display a highly epithelial phenotype based on E-cadherin expression and the lack of detectable vimentin. The prostate cancer cell line PC-3 shows an intermediate phenotype with some E-cadherin and vimentin expression. Remarkably, using our set of nearly 200 alternative exons, we found that the classification based on global splicing profiles matched the classification based on vimentin and E-cadherin expression (see Fig. S3a and Table S2a in the supplemental material; also see http://palace.lgfus.ca/data/related/1448).
To create a resource to study the role of a large collection of putative splicing regulators in varied physiological states, we selected a set of 47 alternative splicing events (ASEs) from three previous studies based on PCR quality in a large number of samples (33, 37, 39) (http://palace.lgfus.ca/data/related/1452). These 47 ASEs displayed a wide range of splicing differences between 0 and Ͼ50 percentage points between normal epithelial and mesenchymal tissues (see Fig. S3b and Tables S1 and S2b in the supplemental material; see also http://palace.lgfus.ca/data/related/14 44). Importantly, this smaller set of ASEs also distinguished cell lines according to their mesenchymal and epithelial status (Fig. 2b) ; the probability that the three cancer cell lines that cluster with the normal epithelium based on global splicing profiles are the same as those that cluster with it based on vimentin and Ecadherin expression is significant (Fisher's test, P ϭ 0.01). Comparing the median values of the 3 epithelial with the 6 mesenchymal cell lines identified 27 responsive ASEs with shifts greater than 10 percentage points (7 with shifts greater than 30 percentage points; see column W in Table S2b ). All 7 of the 30% ASEs shift in the same direction between colon epithelial and mesenchymal tissues (P ϭ 0.01). Thus, this combination of ASEs and cell lines is appropriate to investigate the regulatory features of epithelial and mesenchymal splicing control.
Since our analysis in tissues showed that roughly one-third of ASEs displayed an epithelial/mesenchymal tissue-specific profile, it is likely that the clustering observed in Fig. 2b and in Fig. S3a in the supplemental material is driven by a subset of such ASEs. If this is the case, switch-like ASEs may represent particularly strong classifiers. We tested the discriminatory power of the 4 ASEs whose alternative splicing profile was changed by more than 30 percentage points in normal mesenchymal tissue versus epithelium for both the colon and the ovary and in the Twist-induced breast cell line (31) (see Fig. S2 in the supplemental material). These four ASEs are located in the ADD3, CSNK1G3, ENAH, and PBRM1 genes, and they provided a classifier that was as precise as the more extensive splicing signatures (see Fig. S3c ).
RBFOX2 drives mesenchymal tissue-specific splicing. To identify RNA-binding proteins (RBPs) and associated splicing factors that confer epithelial and mesenchymal tissue-specific splicing, we knocked down 97 potential splicing regulators in five cell lines (MCF-7, NIH-OVCAR3, MDA-MB-231, SKOV3ip1, and PC-3) displaying a spectrum of epithelial and mesenchymal markers based on Fig. 2a . We monitored the splicing of the 47 ASEs tested in Fig. 2b because they provide a balanced mixture of events that either do not change, change slightly, or change by up to 80 percentage points when splicing between normal epithelial and mesenchymal tissues is compared (see Fig. S3b in the supplemental material). Including in the analysis a range of epithelial/ mesenchymal tissue-responsive as well as nonresponsive ASEs is important to ensure the specificity of responses to the various knockdowns. Each potential splicing factor was knocked down with two distinct siRNAs (see Table S2c , column C, in the supplemental material). We considered only samples with knockdown efficiencies that were greater than 50% for both siRNAs, as assessed by quantitative PCR (qPCR) (see Table S2c , column D). For 78 of the 97 proteins, we achieved a knockdown efficiency of at least 50% with both siRNAs in at least one cell line (see Table S2d and e). The effects of the knockdowns on the splicing of the 47 alternative events are shown in Fig. S4 in the supplemental material and at http://palace.lgfus.ca/data/related/1451. One of the most notable features, unrelated to epithelial and mesenchymal states, was the impact of depleting the constitutive U2 snRNPassociated splicing factors SF3A1, SF3A2, SF3A3, and SF3B4, which promoted exclusion of a large group of exons (box a in Fig.  S4 ), as well as the inclusion of introns and the use of upstream 3= splice sites (box b in Fig. S4 ). Thus, depleting the levels of these constitutive splicing factors can be limiting for the inclusion of alternative exons but also for the exclusion of some introns, as would be expected. The nearly identical impact of knocking down physically associated core spliceosomal components (i.e., the four different SF3 subunit proteins) confirms the accuracy and sensitivity of our high-throughput RT-PCR approach. A clear signature is also visible in this overview for 8 exons enhanced by the alternative splicing factor RBFOX2 (box c in Fig. S4 ).
To establish which of these knockdowns best matched the splicing differences that distinguish normal mesenchymal from epithelial cells, we looked at the 14 of the total of 47 alternative splice events that shifted more than 20% between epithelium and mesenchyme. Of the knockdowns that shifted splicing of any of these events to this extent (Ͼ20%), the highest correlation (R ϭ 0.75) was seen for knockdowns of the splicing factor RBFOX2 in MDA-MB-231 and SKOV3ip cells (P Ͻ 0.001) (see Fig. S5 in the supplemental material).
To condense the data and facilitate visual inspection, we then plotted the median percent spliced in values of all cell lines for each RBP ( Fig. 3 ; see also Table S2e in the supplemental material). Here again, the RBFOX2 knockdowns clustered with the epithelial-to-mesenchymal splicing differences. These results indicate that many epithelial or mesenchymal tissue-specific ASEs are regulated by RBFOX2 and that additional constitutive and/or regulatory RBPs are likely contributing to their regulation. Consistent with a role for RBFOX2 in contributing to mesenchymal tissuespecific splicing, we found that the expression level of Rbfox2, as determined by quantitative RT-PCR, was 5 times higher in normal mesenchymal tissue than in epithelial colon tissue and more than 3 times higher in normal ovary than in fallopian epithelium (Fig.  4a) . Likewise, the levels of Rbfox2 correlated well with the mesenchymal and epithelial identity of cancer cell lines (Fig. 4b) .
To further assess the role of RBFOX2 in setting the mesenchy-mal splicing pattern, we investigated the behavior of the 48 most RBFOX2-responsive exons, identified from our previous study (33) , in the epithelial and mesenchymal samples from normal fetal colon. We find that the majority of these alternative exons were affected, with 18 switching Ͼ50 percentage points between epithelial and mesenchymal cells ( Fig. 5a ; see also Table S2f in the supplemental material and http://palace.lgfus.ca/data/related/6 83). In total, therefore, we have identified 43 switch-like splicing Table S2b in the supplemental material). Splicing () values are represented in shades of yellow (exon skipping) to blue (exon inclusion), as indicated in the color key histogram.
events that shift from predominantly one isoform to nearly exclusively the other between epithelial and mesenchymal cells: 29/283 from the original screen in normal tissues, 3 more from the 47 cancer and apoptosis ASEs, and a further 11 RBFOX2 targets not included in the above screens (summarized in Table S1 in the supplemental material with splicing details in Table S2a , b, and f). Notably, all the alternative exons for which inclusion was more prevalent in the normal mesenchyme than in the epithelium were previously reported as positively enhanced targets of RBFOX2, whereas exons included more frequently in the normal epithelium than in the mesenchyme can be either repressed or stimulated by RBFOX2 (33) . We conclude that RBFOX2, either alone or in combination with other factors, plays an important role in setting the mesenchymal tissue-specific splicing profile.
FIG 3
The impact of knocking down RBFOX2 most closely matches the differences between epithelium and mesenchyme. Unsupervised hierarchical clustering of the median change in splicing (⌬ knockdown [k.d.] Ϫ control) for 47 alternative splicing events in each of the 68 splicing factor knockdowns for which the median splicing value changed by at least 10 percentage point for at least one alternative splice event. The number next to the protein indicates the number of cell lines in which the RBP was successfully knocked down (the criterion being Ͼ50% downregulation for both siRNAs as assessed by qPCR). The results are clustered along with the splicing differences between epithelium and mesenchyme colon tissues. Splicing shifts are in bins of 10 percentage points from less than Ϫ30 percentage points (bright yellow) to greater than ϩ30 percentage points (darkest blue). The RBFOX2 (siRNA control) (below) and the epithelial-mesenchymal (above) splicing differences are indicated by the arrow.
RBFOX2, MBNL1
, and ESRPs are major contributors to the mesenchymal splicing signature. While it is clear that RBFOX2 is important to set the mesenchymal tissue-specific splicing profile, we wished to compare its role relative to those of three other RNAbinding protein families that have been implicated in the epithelial and mesenchymal states. We therefore analyzed the top epithelial/ mesenchymal tissue-discriminatory alternative exons from Fig.  1b in cell lines where expression of each RBP was high. MBNL1 was knocked down in MDA-MB-231, as we noted some overlap between its knockdown and epithelial splicing (Fig. 3) . PTBP1 regulates many EMT exons, and its expression drops during EMT (31) . We therefore performed a double PTBP1/PTBP2 knockdown in SKOV3ip1. Finally, we used the epithelial ZR-75-1 cell line to perform ESRP1/ESRP2 double knockdown because these proteins are expressed in epithelial cells and control epithelial tissue-specific splicing decisions (25, 31) . The results can be viewed at http://palace.lgfus.ca/data/related/1456 and in Table S2a in the supplemental material. The 20 ASEs that shifted in our ovarian and fetal colon systems give good data in the various cell lines used (in the ESRP and RBFOX2 samples) and are shown in Fig. 5b . Of the four splicing factors, RBFOX2 knockdowns correlated with epithelial status (R ϭ 0.68), as did MBNL1 knockdown (R ϭ 0.41), whereas ESRP and PTBP knockdowns were anticorrelated (R ϭ Ϫ0.63 and R ϭ Ϫ0.29, respectively). Overall, 95% of the splicing events that distinguish between mesenchyme and (cancerous or normal) epithelium are affected by one of these four classes of splicing factors, and changes in RBFOX and ESRP proteins together affect 70% of the exons. MBNL1 appears to cooperate with RBFOX2 in some cases of mesenchymal splicing (Fig.  5b) . Remarkably, the alternative splicing of PLOD2, which was also previously shown to form part of a signature that distinguishes luminal from basal cell-like breast cancer cell lines (31) , is controlled by RBFOX2, MBNL1, and PTBP1/2 knockdown. MBNL1 and RBFOX2 also both enhanced exon inclusion in LRRFIP2, and both promoted exon skipping in ADD3. The direction of the shift imposed by MBNL1 on PLOD2 and INF2 is antagonized by the PTBPs. Note that the three RBFOX2 target exons in LRRFIP2, MAP3K7, and ADD3 were previously assayed for RBFOX2 and ESRP responsiveness (26) , and our results are entirely consistent with this report (see Table S2a ). Other regulated splicing events are displayed in Fig. S6 in the supplemental material.
DISCUSSION
In the last 10 years, global studies of alternative splicing have revealed many switch-like changes (i.e., from mainly one isoform to predominantly the other) between normal mammalian tissues (40) and also between normal and cancer tissues (33) . While similar tissues, such as skeletal muscle/heart, kidney/liver, and different brain regions, form clusters with similar splicing signatures likely reflecting similar mixtures of cell types in these tissues, the splicing signatures of specific cell types within a tissue have received less attention. To remedy this, we have studied splicing on a large scale in microdissected epithelial and mesenchymal cell types from fetal colon and also from ovarian stroma and fallopian tube, which are almost completely composed of mesenchymal and epithelial cells, respectively.
Using our high-throughput RT-PCR platform to carry out the largest RNA interference (RNAi) screen of mammalian RNAbinding proteins ever undertaken, we have identified 43 alternative exons that are strongly associated with the epithelium and the mesenchymal identities of normal cells from human fetal colon and ovary (see Table S1 in the supplemental material). While several of these switch-like changes (Ͼ50 percentage points) in alternative splicing occur in genes involved in processes related to EMT (see below), other events are in genes not known to be transcriptionally affected during EMT. Thus, the layers of transcription and alternative splicing regulation can be, but are not always, interconnected to achieve definition of the epithelial and mesenchymal states. These observations are consistent with a recent study conducted in vitro using a model breast cell line engineered to undergo EMT by activation of the transcription factor Twist (31) . The limited overlap between our studies may be due to the complementary techniques; RNA-Seq at limited sequencing depth will focus on highly expressed genes. Importantly, most of the splicing changes that we uncovered also occurred in cancer tissues and cell lines, suggesting that these events are relevant to the epithelial/mesenchymal identity of cancer tissues and that they may be used to follow the transit between these states during tumor invasion and dissemination. Since a large expanse of the characteristic epithelial/mesenchymal splicing program that we observed in ovary was shared by fetal colon, its implementation is likely to be a hallmark of the epithelial and mesenchymal identity in a large variety of normal and cancer tissues.
The splicing signature that distinguishes normal epithelial from mesenchymal tissues and cancers of epithelial origin from normal stromal tissues was also capable of categorizing cancer cell lines according to their epithelial-mesenchymal status. In fact, the splicing differences between the most epithelial and the most mesenchymal cell lines of our set were qualitatively and quantitatively similar to differences between normal epithelial and normal mesenchymal tissues, even though the cell lines and the tissues were of different origin (see Fig. S3c in the supplemental material) . This result confirms cancer cell lines as suitable models to investigate the underlying regulatory splicing programs that control the epithelial and mesenchymal identities in normal and cancer-driven situations.
Alternative splicing changes associated with the epithelial and mesenchymal states. While few switch-like changes had previously been identified and validated between epithelial and mesenchymal cells, the list of alternative transcripts whose alternative splicing has been associated with EMT has been growing steadily in recent years. Starting from the original member FGFR2 (41), the list now encompasses CD44, p120-catenin, ENAH, and nearly 40 other validated targets (with shifts greater than 5 percentage points) for ESRP1 and ESRP2, which contribute to the epithelial splicing program (25, 27-29, 42, 43) . Also, an RNA-Seq analysis on a Twist-induced EMT model system has recently identified approximately 1,500 genes undergoing changes in alternative splicing during EMT, 64 of which display switch-like behavior (31) . Our analysis, performed in normal tissues, has identified 43 alternative exons associated with epithelial-mesenchymal identity that display a switch-like behavior between these tissue types (gene functions are summarized in Table S1 and splicing details are summarized in Table S2 , both in the supplemental material). Many of these have functions in specific pathways relevant to EMT. For example, EXOC1, MYOF, PLOD2, and SNX14 are associated with vesicle-mediated transport, a process intimately connected with the maintenance of cell polarity and adhesion (44) . Other events occurred in genes associated with signaling pathways, including Wnt (LRRFIP2 and CSNK1G3), mitogen-activated protein (MAP) kinase (MAP3K7, PTK2B, and APBB2), Ras (ERBB2IP), and p38 (MINK1), while others have been previously associated with cancer (PBRM1, ARNT, ST7, PTPRD, and CA12).
The link with Wnt is particularly intriguing since Wnt is a regulator of beta-catenin, a component of the cadherin complex that controls cell-cell adhesion and influences cell migration (45) , thus raising the possibility that alternative splicing changes in components of the Wnt pathway also mediate a subset of the phenotypic differences between the epithelial and mesenchymal cells. Components of the Wnt receptor signaling pathway were also enriched when the splicing profiles of human mammary epithelial cells were compared before and after Twist induction (31) . In addition to changes that may have a functional impact and that have been identified here and previously in the study by Shapiro et al. (31) (e.g., MBNL1 and ENAH epithelial exon inclusion), most of the above events had never been linked to EMT. In most cases, the functional contribution of the state-specific splice variants to EMT/MET remains unclear and will require approaches that can deplete specific isoforms and/or reprogram splicing decisions, for example, using antisense strategies (46) . RBFOX2 and other regulators specify the mesenchymal tissue-specific splicing profile. Studies on the FGFR2, Rac1, and Ron kinases have pioneered the quest for regulatory factors controlling the alternative splicing of EMT-relevant genes (14, 16, 18, (22) (23) (24) 47) . To gain insights into the network of regulators that control the alternative splicing of genes associated with epithelial and mesenchymal identity, we used RNA interference to knock down 78 RNA-binding proteins (RBPs) and potential splicing factors in 5 different cell lines. This unbiased analysis yielded a rich collection of associations hinting at the combinatorial and complex regulatory programs underpinning the epithelial and mesenchymal splicing programs. Expanding from the Rac1 study (18) , our analysis confirmed a role for SRSF2 and SRSF3 in regulating the splicing of many EMT-relevant genes ( Fig. 3 ; see also Fig. S6 in the supplemental material).
Among the set of RBPs that we tested, the one whose knockdown most closely matched the differences between epithelial and mesenchymal tissues was RBFOX2. A role for RBFOX2 in cancer had previously been proposed, since we had observed that the levels of RBFOX2 were significantly lower in epithelial ovarian cancer than in normal tissues (33) . Decreasing the level of RBFOX2 in cancer cell lines shifted the alternative splicing of many events in the same direction as that in breast and ovarian cancer tissues (33) . A subsequent report demonstrated that RBFOX2 regulated subtype-specific splicing in a panel of breast cancer cell lines (15) . Our observations that RBFOX2 regulates events that differ between the epithelial and mesenchymal cancer cell lines suggest that these subtypes reflect their epithelial/mesenchymal status. Overall, our data imply that RBFOX2 is important to specify the mesenchymal tissue-specific splicing profiles both in normal and in cancer tissues. Consistent with this proposition, Rbfox2 transcripts are 3-to 5-fold more abundant in normal mesenchymal tissue than in epithelial ovary and colon tissues (Fig.  4a) . Moreover, cell lines classified as epithelial based on the Ecadherin/vimentin ratio expressed substantially lower levels of Rbfox2 than did cells classified as mesenchymal (Fig. 4b) . Using a mammary cell line, inducible for Twist expression, Shapiro and collaborators recently identified RBFOX2 as a potential driver of the mesenchymal splicing signature (31) . Although the impact of a depletion of RBFOX2 on splicing profiles was not investigated per se, the loss of RBFOX2 in mesenchymal cells provoked a partial reversion of the epithelial phenotype, with reduced levels of vimentin, changes in morphology, and restricted migration (31) .
Continued efforts aimed at deciphering the complex splicing regulatory programs associated with the transitions between epithelial and mesenchymal status will likely become useful to develop strategies to control the metastatic invasion and implantation of tumor cells at secondary sites. Because EMT also offers resistance to apoptosis (7), specific changes in alternative splicing profiles may help predict the outcome of treatments whose goal is to promote the demise of cancer cells by apoptosis. In addition, intervening productively to reprogram a specific splicing event, or possibly several simultaneously, by altering the function of a common splicing regulator is a strategy worth considering. This approach could render tumor cells more sensitive to current therapeutic regimens. A precedent for RBFOX-target gene therapy was recently demonstrated through the use of antisense oligonucleotides that block RBFOX-binding sites and hence splicing of zebrafish RBFOX-target transcripts (48) .
Mesenchyme-upregulated exons were usually RBFOX2 enhanced. However, RBFOX2-inhibited exons were either up-or downregulated in the mesenchyme (Fig. 5a ), suggesting that RBFOX2 may be sufficient to promote exon inclusion but that exon skipping in mesenchyme may require an interplay between RBFOX2 and other factors, as suggested recently (49, 50) and consistent with recent reports indicating that many RBFOX protein-regulated exons are also targets of other splicing factors, including Nova, PTBP, and ESRP proteins (26, (51) (52) (53) .
In conclusion, we have identified a large collection of splicing changes characteristic of the epithelial and mesenchymal phenotypes. While transitions between these states may be crucial for the migration and invasion of cancer cells, for example, by modifying cell signaling and cellular organization during EMT, we have shown that a majority of alternative events associated with epithelial/mesenchymal status are not cancer specific since they are qualitatively and quantitatively matched by differences between normal epithelial and mesenchymal tissues. Nevertheless, transient changes in the expression of RBFOX2 in cancer cells may be important to reconfigure transcript architecture and implement EMT/MET transitions that are adapted to the environment of the tumor.
